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and optical properties of binary ZnO-based

composites for environmental applicationsy
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The development of photoactive systems to solve serious environmental problems is a key objective of

researchers and remains a real challenge. Herein, n—p heterojunction ZnO-based composites were

developed to achieve better photocatalytic performance in methylene blue (MB) degradation under

natural solar irradiation. The hydrothermal technique was used to synthesize zinc oxide (ZnO)/metal

oxide (MO) composites, with a molar ratio of 1:1 (MO =

MnsO4; FesO4; CuO; NiO). Various

characterization techniques were used for the analysis of the structural, morphological and optical

properties. X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray

Spectroscopy (EDX)

Diffuse Reflectance Spectroscopy analysis

(DRS), and Diffuse Reflectance

Spectroscopy analysis (DRS) validated the presence of two phases for each sample, excluding any
impurities. Indeed, the ZnO structure was not affected by the coupling with MO, confirming that MO
was well dispersed on the surface of the ZnO crystalline lattice for each composite. Eventually, the

photocatalytic performance evaluation test of the synthesized photocatalysts was carried out on
aqueous MB solution. According to the results, the ZnO/FesO4 nano-catalyst showed the best
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photodegradation efficiency. This result suggests that the formation of FesO04/ZnO as a p/n

heterojunction reduces the recombination of photo-generated electron/hole pairs and broadens the
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1. Introduction

During the various industrial processes of the textile industry,
significant quantities of organic compounds are released into
the wastewater, which increases environmental pollution.*?
Moreover, this phenomenon is considered to be one of the most
important causes of water contamination, which can have
harmful effects on humans and surrounding wildlife.* In
particular, methylene blue (MB) is one of among the hazardous
and non-biodegradable organic substances frequently used in
the textile industries. Moreover, its planar structure makes it
highly soluble in water.*® Therefore, photocatalytic degradation
of MB can be very beneficial to ensure environmental friendli-
ness. In this regard, continuous efforts are made by researchers
to develop efficient semiconductor photocatalysts that limit the
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solar spectral response range, resulting in significant photocatalytic efficiency. Meanwhile, the possible
mechanism for degradation of the MB was discussed.

use of sacrificial agents (H,0,) under natural solar irradiation.
Indeed, the use of sacrificial agents for the degradation of
organic pollutants is not cost-effective.®’

Various n-type semiconductor photocatalysts like ZnO and
TiO, have been used to develop photocatalysts for dye degra-
dation.®® Compared to TiO,, many studies have focused on ZnO
for the treatment of many toxic pollutants.'®* Due to its
remarkable properties, such as low cost, high oxidation, non-
toxic nature, high stability to photocorrosion and abundance
in nature, zinc oxide is considered the most potential candidate
for conversion of solar energy into a useful form of chemical or
electrical energy.’* However, unmodified zinc oxide is not
considered a strong photocatalyst under visible light due to its
relatively high band gap (~3.37 eV) and rapid charge carrier
recombination rate.**'* Its practical use is strongly limited
because it is active in ultraviolet light, which covers about 5% of
the solar spectrum.

Therefore, solving this problem is essential to achieve effi-
cient and fast performance. In this context, several studies have
been initiated to improve the visible light absorption and
electron-hole separation of ZnO by doping with a metal, a non-
metal or by coupling with another metal oxide, a non-metal
oxide.'®"” One of the fundamental mechanisms of visible light
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photocatalysis is the ability to initiate electron transfer, result-
ing in the generation of reactive oxygen species (ROS). These
species are often responsible for the degradation of pollutants.

Among them, the p-n junction plays a key role in improving
the performance of photodetectors, due to the effect of the
integrated electric field generated at the interface, which allows
better separation of the photoexcited electron-hole pairs.***

Heterojunction of ZnO with other metal oxides with different
band edge positions is an excellent strategy to amplify carrier
generation and separation under light illumination. All studies
have shown that the heterojunction between metal oxides and
ZnO improves the stability and reduces the charge transfer
resistance in the synthesized particles. In particular, the
coupling of ZnO (n-type) with another metal oxide (p-type) can
lead to a change in the band gap and results in the separation of
electron (e”)-hole (h+) pairs under irradiation. Therefore, the
electron-hole recombination rate is eliminated and thus higher
photocatalytic activity.”

Among the various p-type semiconductor, manganite oxide
(Mn30,), iron oxide (Fe;0,4) copper oxide (CuO) and nickel oxide
(NiO) are recognized as remarkable co-catalysts to improve the
photocatalytic performance of ZnO, due to its interesting elec-
trical, optical and magnetic properties.**** On the one hand,
NiO is considered as one of the most important p-type semi-
conductors with gap energy equal to 3.5 eV, which has been
widely used in photocatalytic applications. It can improve the
efficiency of photocatalytic system for electron-hole pair
generation and enhance the photo-decomposition kinetics by
coupling with ZnO.*® On the other hand, Mn;0,, Fe;0, and CuO
are important p-type semiconductors with band gaps equal to 2,
2.12, 1.4 respectively.”**® They have excellent properties
including a strong carrier concentration, superior stability and
light absorption in the visible region. For a ZnO/MO composite,
ZnO regions of type n collect positive charges, whereas MO
regions of type p collect negative charges. As a result, charge
balance is achieved, leading to better separation of interfacial
charge separation and longer charge carrier lifetimes. There-
fore, ZnO/MO heterostructures have attracted increasing
interest.>*=*

Many physical and chemical synthesis methods are used to
prepare heterostructured systems, including sol-gel, hydro-
thermal, co-precipitation and spray pyrolysis. A. E. Ramirez
et al*® are synthesized mixed photocatalysts from transition
metal oxides (TMOs), such as Cr,03, MnO,, FeO, CoO, NiO,
Cu,0, CuO, and ZnO by the sol-gel method. E. D. Sherly et al.*®
are successfully synthesized some coupled oxides, ZnO-MO
(MO = CuO, NiO, ZrO, and CeO,) using a microwave assisted
one pot solution combustion synthesis, which favored the
separation of photogenerated carriers. Unlike physical or
chemical vaporization methods, hydrothermal synthesis is
a simple, cost-effective, and environmentally friendly synthesis
route, which is also suitable for mass preparation in industrial
production, including synthesis by low-temperature hydro-
thermal reactions.**** Therefore, the hydrothermal method was
used to obtain high-quality ZnO-based binary composites.

This work consists in presenting a comparison of the func-
tional properties of ZnO coupled to metal oxides (MO = Fe;0,,
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Mn;0,4, CuO, NiO) for environmental applications. The ZnO
heterostructures coupled to the MO were prepared by the
hydrothermal procedure under the same conditions. The nature
and structural parameters were determined by an X-ray
diffraction analysis. UV-visible DRS measurements were per-
formed to estimate the optical gap values and to explore the
change in optical properties of ZnO as a result of the coupling
process with different metal oxides. In addition, Fourier trans-
form infrared (FT-IR) curves were recorded to evaluate the
vibrational variation of the samples. The surface morphology
and the elemental analysis of the different heterostructures of
ZnO coupled to the MO were explored by scanning electron
microscopy. Based on all these results, we provide some infor-
mation on the photocatalytic activity under sunlight for the
degradation of MB using these binary metal oxides.

2. Methodology

2.1. Materials

In order to prepare the different binary composites, zinc chlo-
ride (ZnCl,), manganese(u) chloride tetrahydrate (MnCl, 4H,0),
iron(u) sulfate heptahydrate (FeSO,-7H,0), copper sulfate pen-
tahydrate (CuSO,-5H,0), nickel sulfate hexahydrate (NiSO,-
-6H,0) and sodium hydroxide (NaOH), were used as starting
materials and distilled water as solvent. Methylene blue (MB)
dye was used as an organic contaminant.

All these products were of analytical grade (purity >99%).
They were obtained from Sigma Aldrich, and no further purifi-
cation was performed on them.

2.2. Synthesis details

The ZnO-based composites were synthesized by a facile one-step
hydrothermal route. The successive steps involved in the
fabrication of the ZnO/MO (MO = Mn3;0,, Fe;0,, CuO and NiO)
composites are described in Fig. 1.

First, 2 g of zinc chloride (ZnCl,) and a very specific mass of
second precursor (MnCl,-4H,0, FeSO,-7H,0, CuSO,-5H,0, or
NiCl,-6H,0), with a molar ratio of 1: 1, were dissolved in 20 ml
of distilled water under magnetic stirring at room temperature.
Then, 10 ml of NaOH was added drop-wise to the mixed solu-
tion every 10 min, then the pH was adjusted to 8 during the
process. After 30 min of stirring, the solution was transferred to
a Teflon-coated stainless steel autoclave of 50 ml capacity. The
autoclave was sealed and heated at 110 °C for 24 hours in an
oven and then naturally cooled to room temperature. After the
hydrothermal reaction, colored precipitates were formed at the
bottom of the autoclave. These precipitates were filtered and
rinsed several times with ethanol and distilled water to remove
unreacted compounds. Then, they were filtered and dried at 80 ©
C for 12 hours. Finally, the dried powders were ground. After
drying, the obtained samples are in amorphous form. It is
therefore necessary to carry out a thermal treatment to obtain
crystalline structures and to eliminate all traces of organic
chains and solvents. This treatment was performed in an oven,
equipped with a programmable temperature controller (7T = 500
°C/t =5 h).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram describing the preparation steps of the preparation of ZnO/MO composites.

The obtained powders were then used for further
characterization.

2.3. Photocatalytic experiment

The photocatalytic activity of the binary composites (ZnO/
Mn;0,, ZnO/Fe;0, ZnOCuO and ZnO/NiO) was evaluated by
degradation of an aqueous solution of the methylene blue MB
dye (5 ppm) at room temperature under sunlight (time: 11:00
am to 2:00 pm). A total of 50 mg of each photocatalyst powders
was loaded into 60 ml of simulating pollutant MB with
a concentration of 5 mg 17", The suspension was magnetically
stirred for 60 min in the dark to ensure complete equilibration
of adsorption/desorption between the catalyst surface and the
organic dye. After this, the suspension was placed under
sunlight. Then, each aliquot (~2 ml) was taken every 30 min,
filtered and centrifuged at 6000 rpm for 20 min to separate the
catalytic precipitate from the dye solution. Finally, the concen-
tration of MB was monitored by measuring the absorption
intensity at 664 nm, using a UV-visible spectrophotometer.

2.4. Characterization

The structural investigations of the prepared samples were
carried using a powder X-ray diffractograms (26 = 5°-70°,
Phillips powder diffractometer operating with copper Ko radi-
ation source/A = 1.54060 A). The obtained XRD data were pro-
cessed with X'Pert HighScore software, where the Miller indices
(hkl) and their corresponding interplanar distance (dj;) were
identified.

The presence of the metal-oxide groups was studied using
a PerkinElmer Fourier Transform Infrared (FT-IR) Spectrometer

in transmission mode, in the range 400-4000 cm™ .

© 2023 The Author(s). Published by the Royal Society of Chemistry

The morphological properties and the surface elemental
composition (energy dispersive X-ray spectrum) of the synthe-
sized samples were obtained using a scanning electron micro-
scope (Model JEOL JSM7100F) coupled with EDX spectrometer
using double-faced adhesive carbon pads (AGG3347N from Agar
Scientific). In order to estimate the average grain size, the Image
J software was then used.**

The optical properties were studied in the form of pellets
using a UV-vis diffuse reflectance spectrophotometer (Model
Perkin- ELMER 365, 300-800 nm). The reflectance spectra were
recorded between 300 and 800 nm. The photoluminescence
measurements were recorded using a Jobin Yvon HR 250
spectrometer at room temperature with an excitation of 266 nm.

The optical absorption spectra were measured by a Shi-
madzu UV-1800 UV-visible spectrophotometer.

3. Results and discussion
3.1 Characterization of the prepared materials

Knowing the key factors involved in photocatalytic activity will
help explore the use of MO coupled ZnO in environmental
applications. Therefore, it is necessary to determine the relevant
physicochemical parameters including crystallite size, shape,
composition, morphology and optical gap that could be
advantageously related to the photocatalytic activity.

3.1.1 Powder X-ray diffraction study. The crystallinity,
phase and purity of the ZnO samples combined with Mn;O,,
Fe;0,4, CuO and NiO were examined by powder XRD as shown in
Fig. 2. Peaks at 26 of: 31.6 (100), 34.3 (002), 36.2 (101), 47.4 (102),
56.5 (110), 62.7 (103), 67.8 (112), and 69.1° (203) are assigned to
hexagonal wurtzite ZnO, space group P6;mc (ICDD card no. 01-
080-0074). In addition to the primary phase of ZnO, reflections

RSC Adv, 2023, 13, 6287-6303 | 6289
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Fig. 2 X-ray diffraction patterns of ZnO/MO powders.
related to the secondary phase of the transition metal oxide are 1 Y p a2 1
determined. Each composite is therefore a mixture of individual &2 h+k+1 (Z) + @2 (2)
binary oxide phases coexisting in a single material. The I4,/amd
space group diffraction peaks of the manganese oxide Mn;0,
phase corresponding to the tetragonal structure (ICDD card no. For Mn;0, (tetragonal structure):
00-001-1127) are observed at 26 of: 29.1 (112), 32.8 (103), 36.2 1 4/ +hk+k? 2
(211), 44.3 (220), 51.1 (105), 54.1 (312), 58.7 (321), 60.5 (224), and 23 2 Tz (3)
64.9° (314). The Fd3m space group peaks of the manganite
Fe;0, phase corresponding to the cubic structure (ICDD card . .
no. 01-089-0688) are appeared at 20 of: 29.8 (220), 35.1 (311),  For FesO4 and NiO (cubic structure):
42.7 (400), 52.8 (422), and 62.1° (440). The peaks in the C2/c 1 J/L Ny Ry
space group of the CuO copper oxide phase corresponding to P2 ( a2 > (4)
the monoclinic structure (ICDD card no. 01-080-1268) are
exhibited at 26 of: 32.5 (110), 35.6 (—111), 38.7 (111), 48.8 o
(~202), 53.3 (020), 58.1 (202), 61.5 (—113), and 66.2 (—311). on  For CuO (monoclinic structure):
the other hand, the peaks at 26 of: 37.2 (111), 43.2 (200), and 1 1 (K K*sin*8 2 2hlcos B
62.7° (220) are assigned to the cubic nickel oxide phase NiO, & Sin? 8 (;"— SR R ) (5)

space group Fm3m (ICDD card no. 01-073-1523). Moreover,
there is no additional phase or impurity detected, which implies
that the obtained materials have high degree of crystallinity.>”~*°
The lattice constants (a, b and c) were calculated using the

following formulas:
2dsin 0 = nA )]

For ZnO (hexagonal structure):

6290 | RSC Adv, 2023, 13, 6287-6303

where d is the inter-planar distance, &, k and [ are the Miller
indices. @ is Bragg's angle of diffraction, and A is the incident
radiation wavelength.

Table 1 groups the structural parameters obtained for the
different binary composites. The values of the structural
parameters of the ZnO phase are according to the data of the
ICDD card no. 01-080-0074. In all cases, the static structure
factor of the wurtzite phase (c/a ~ 1.602) remains constant. This
indicates that virtually no change was observed in the lattice

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07837f

Open Access Article. Published on 21 February 2023. Downloaded on 4/25/2026 9:32:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Table 1 Lattice parameters and average crystallite size of the phases obtained from XRD diagrams

Waurtzite phase (ZnO)

Metal oxide phase (MO)

Catalyst a(A) c(4) alc D (nm) a(A) b (&) c(A) D (nm)
ZnO/Mn;0, 3.2519 5.2108 1.6023 18.93 57 500 57 500 92 401 13.14
ZnO/Fe;0, 3.2531 52123 1.6022 21.53 8.4903 8.4903 8.4903 17.20
ZnO/CuO 3.2524 5.2116 1.6023 16.83 4.6792 3.4213 5.1301 13.16
ZnO/NiO 3.2541 5.2138 1.6022 10.63 4.1683 4.1683 4.1683 13.03

constants of the ZnO phase, implying that the metal oxide did
not diffuse into the ZnO structure, as has been reported in the
literature. In fact, the diffusion led to the substitution of Zn ions
by transition metal ions and caused changes in the lattice
constants of the ZnO structure, which was not observed.*
Therefore, the Mn;0,, Fe;0,, CuO and NiO particles are well
dispersed on the ZnO surface for each composite.

The Debye-Scherer equation was used to determine the
average crystallite size (D) and dislocation density (6).**

&
" Bcosf

(6)

where K is the Scherer constant, is A the X-ray wavelength for the
copper source equal to 1.5406 A, § is the Bragg angle and § is the
full-width at half-maximum (in radians).

The average crystallite size for the ZnO phase coupled to
manganese oxide, iron oxide, copper oxide and nickel oxide,
was 18.93, 21.53, 16.83 and 10.63 nm, respectively. A diversifi-
cation of ZnO intensity in different samples can be observed,
however, which can affect the FWHM, resulting in a different
crystallite size. These values are lower than those reported in
literature for powders prepared by other methods, proving the
importance of hydrothermal technique.

3.1.2 Fourier transform infrared analysis. The presence of
functional groups on the surface of catalysts was confirmed by
infrared spectroscopy. Fig. 3a shows the FT-IR spectra for the
prepared composites in the range (400-4000 cm’l). However, to
clarify the region of interest, the FT-IR spectra are enlarged in
a precise range of 400-1400 cm™ " (Fig. 3b). Wide band at 3500~
3000 cm ' detected due to the stretching vibration of the
hydroxyl group (O-H). The peak around 1635 cm™" represents
the bending modes of the OH group.” This is probably a result
of the atmospheric humidity affecting the samples when
exposed for measurement, especially for ZnO/Fe;0,. This result
plays an important role in the photodegradation mechanism.**
Indeed, the adsorbed OH ions can trap charge carriers to
produce reactive hydroxyl radicals (OH'), which function as
active sites to remove organic dye molecules. Moreover, the
broad band to 1063-1100 cm ™' indicates the existence of SO, >
in the IR spectrum of ZnO/Fe;04, ZnO/CuO and ZnO/NiO
composites.* Indeed, the precursors of copper and iron are
the sulfate type (CuSO,-5H,0/FeSO,-7H,0). Generally, metal
oxides give absorption bands below 1000 cm ™" arising from the
inter-atomic vibrations.*® Accordingly, the vibrational bands of
the Zn-0 bond are around 494, 512, 530 and 532 cm ™ '.#*¢ The

© 2023 The Author(s). Published by the Royal Society of Chemistry

FT-IR spectrum corresponding to ZnO/Mn;0O, shows the pres-
ence of the vibrational band around 617 cm ™" attributed to the
stretching mode of Mn-0.* Furthermore, IR bands for Cu-O
stretching modes are observed at 429, 476, 583, 612 and
653 cm™ '.* For the IR spectrum of ZnO/Fe;0,, detected band in
the infrared spectrum at 400 cm ™' can be attributed to the
stretching vibration of Fe-O bonds.*® On the other hand, NiO
shows IR absorption peaks due to Ni-O vibration at 400 and
618 cm '.*' No other active mode corresponding to other
species such as Zn(OH), was detected, in agreement with the
XRD analysis which confirms the purity of the prepared
samples. Thus, the FTIR spectrum analysis confirmed the
presence of two distinct crystal phases in each ZnO/MO
composite, which agrees well with the XRD results.

3.1.3 Surface morphology and elemental examinations.
The surface morphology of the as-prepared coupled metal
oxides, ZnO/MO (MO = Fe;0,4, Mn;0,4, CuO, NiO) was examined
by scanning electron microscopy SEM analysis. Fig. 4a-d shows
the SEM micrographs of ZnO/Mn;0,4, ZnO/Fe;0,, ZnO/CuO and
ZnO/NiO composites, respectively. The two samples ZnO/
Mn;0, and ZnO/CuO tend to have quasi-spherical shapes with
an inhomogeneous distribution with micrometer dimension
size that varies between. While, the SEM images of ZnO/Fe;0,
and ZnO/NiO reveals clear nanoparticles of spherical shape.
Histograms of the particle distribution constructed by Image J
software are used to calculate the average particle size (Fig. 4
(inset)). Regarding the particle distribution of Mn;0,, CuO and
NiO coupled ZnO particles, the particles do not possess
a uniform size distribution as shown in the histograms.
However, this agglomeration is negligible for Fe;O, coupled
ZnO. According to Table 2, these statistics indicate that the
particle size is nanometric for iron oxide and nickel oxide and
micrometric for manganese oxide and copper oxide. Therefore,
ZnO/Fe;0, and ZnO/NiO can have high specific surface area,
which can enhance the adsorption of dye molecules to active
adsorption sites in photocatalytic assays, as will be confirmed
later.>” Indeed, nanoscale materials have a large active surface
area, which promotes the adsorption of organic pollutants and
thus improves photocatalytic performance.>*>*

Moreover, the prepared powders were examined by EDX to
identify the qualitative chemical composition. Fig. 4 shows the
EDX diagrams of Fig. 4e ZnO/Mn;0,, Fig. 4f ZnO/Fe;0,, Fig. 4g
ZnO/CuO and Fig. 4h ZnO/NiO. These EDX spectra reveal the
presence of “Zn”, “Fe”, “Mn”, “Cu”, “Ni” and “O” signals.
Moreover, the presence of carbon “C” in the spectra obtained

RSC Adv, 2023, 13, 6287-6303 | 6291
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Fig. 3 FTIR spectra of ZnO/MO composites (a) in the range 400-4000 cm™, and (b) magnified spectra from 400 to 1500 cm ™.

for all the samples Fig. 4) is due to the conductive carbon crystallization of the fabricated composites are in agreement
substrate used as a support during the analysis (see Fig. 4i). No with the XRD and FT-IR results, confirming the successful
elemental impurities were found within the EDX detection formation of the various binary composites.

limit. This indicates that the high purity and good
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3.1.4 Optical properties. The optical properties of a photo- gap should be shifted to the visible region for better photon har-
catalyst have an importance of its photocatalytic efficiency. For the  vesting sunlight.’® DRS-UV-vis spectroscopy is used to identify the
higher photocatalytic performance of zinc oxide, the optical band optical properties and band gap of all four photocatalysts.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2023, 13, 6287-6303 | 6293
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Table 2 The average particle size of ZnO/MO composites

Composite The average particle size (nm)
ZnO/Mn;0, 110

ZnO/Fe;0, 41

ZnO/Cu0O 170

ZnO/NiO 65

The Kubelka-Munk function F(R) (eqn (7)), are presented in
Fig. 5 as a function of wavelength.>

(1-R)

FR) = =R

)

We notice the presence of two strong absorption edges for
each composite: the first one marked by an inflection point
around 570, 600, 750 and 350 nm related to the Mn;O,, Fe;O,,
CuO and NiO phase respectively, and the second one at
~400 nm is related to the ZnO phase. The appearance of two
kinds of characteristic absorption bands also confirms that
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F(R) (a.u.)
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w
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each sample is a composite material composed of ZnO phase
and other MO phase.
Band gap energy. To determine the gap energy (E,) of the
prepared nanoparticles, we used the Tauc's low (eqn (8)):*
(ahv) = B(hv — E,) (8)
in which « is the absorption coefficient, calculated from the
Kubelka-Munk function F(R) through the following equation:
o= I@, t = 1 mm represents the thickness of the pellet, § is
a constant independent of energy or band tailing parameter, £ is
the Planck's constant, v is the incident light frequency, and p is
the power factor. p-Value is governed by the optic transition
type, it can take the following values: 1/2, 3/2, 2 or 3 for direct
allowed, direct forbidden, indirect allowed or indirect
forbidden transition, respectively. In our case, p is equal 1/2,
since ZnO, Mnz0,4, Fe;04, CuO and NiO have a direct band
gap, according to the literature.>*>**°
The optical band gap energy was calculated from extrapo-
lating the linear region of the plot of («hv)” (x-axis) vs. v (y-axis)
that was determined by the x-intercept (Fig. 6). The energy gap
value E, of the ZnO/Mn;0,4, ZnO/Fe;0,4, ZnO/CuO and ZnO/NiO

6
(b) ZnO/Fe;0,

~ 4 7
g
E
3
=

24

0 T T T T
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3
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Fig. 5 Transformed Kubelka—Munk functions F(R) vs. wavelength A of (a) ZNO/MnzQy,, (b) ZNnO/Fez04, (c) ZnO/CuO, (d) ZnO/NIO.
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was found to be (2.99/2.17), (2.97/2.04), (3.02/1.47) and (3.03/
3.31) eV, respectively (Table 3), which significantly lower than
those reported in the literature.”®**-*> The combination of ZnO
with these metal oxides improved charge separation and
increased light absorption. In addition, the creation of an n-p
heterojunction between semiconductors with compatible
band potentials improves the catalytic efficiency. In fact, the
intimate interfaces can act as a transport channel, promoting
the separation of electron-hole pairs. These interactions exert
an influence on the charge carrier recombination times by
forming new Fermi levels located between the valence band (VB)
and the conduction band (CB), and thus electron transfer
occurs in two steps: the first going from the VB to the local level
in the energy band gap, and the second representing the addi-
tional jump to the CB.*® Thus, it is possible to define
a composite to meet the specific characteristics of use in
photovoltaics and photocatalysis. The different ZnO/MO
exhibited a lower band gap compared to pure ZnO (3.37 €eV).
It is possible that the uniform distribution and high ratio of
Fe;0, in the ZnO/Fe;O, nanocomposite with small spherical
shape are the causes of the reduction of the band gap energy of
ZnO in the nanocomposite. Therefore, the coupling of ZnO and
Fe;0, with a ratio of 1:1 in a nanocomposite reduced the band

View Article Online
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Table 3 Energy values Tables of ZnO/MO composites

Band gap energy (eV)

Waurtzite phase Metal oxide

Catalyst (znO) phase (MO)
Zn0O/Mn;0, 2.99 2.17
ZnO/Fe;0, 2.97 2.04
Zn0O/CuO 3.02 1.47
ZnO/NiO 3.03 3.31

gap energy and improved the photocatalytic activity of the
composite under sunlight irradiation. In addition, ZnO/Fe;0,
was expected to have the fastest decomposition rate for organic
compounds. Indeed, for nanomaterials with a lower band gap,
electrons can more easily pass from the VB to the CB.

The presence of two optical gaps indicates the formation of
n-p heterojunctions and subsequently the confirmation of the
binary composite nature shown by XRD and FT-IR.

3.1.5 Photoluminescence study. The PL spectrum can
reveal important information about surface defects, oxygen
vacancies and surface states, which can significantly affect the
photocatalytic process.®* Fig. 7 shows the PL spectra of ZnO

(@ ®)
ZnO/Mn,0,
3T ZnO/Fe;0,
Eg=2.99 eV
Eg=2.17eV Eg=2.97 ¢V
- “ 200 E?204 eV
=100 =
c c)
0 . : 0 T T T T
2 3 1,5 2,0 2,5 3,0 35
hv (eV) hv (eV)
(©
Zn0O/CuO
1004Eg=3.02 eV
Ng 7
=
)
0 — T T
1 2 3
hv(eV) hv (eV)

Fig. 6 The Tauc's plot (ahv)? vs. photon energy (hv) for (a) ZnO/MnzO., (b) ZnO/Fez04, (c) ZnO/CuO, (d) ZnO/NiO.
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coupled to OM at the excitation wavelength of 266 nm.
Compared to ZnO/NiO, the PL intensity of ZnO/Mn;0,, ZnO/
Fe;0, and ZnO/CuO is remarkably low. This is due to the het-
erostructure (1:1) between ZnO and (Mn;O,, Fe;O0,, CuO)
which exhibit a response to visible excitation. The low excitation
PL spectra show that defects are present in ZnO coupled to
manganese oxide, iron oxide, and copper oxide. Unfortunately,
they give information that does not allow for judging the quality
of the composites. Fig. 8a shows the PL spectrum of ZnO/NiO
nanocomposite and the Gaussian emission peak deconvolu-
tion. The high PL intensity in the UV region of the spectrum
may be due to the rapid recombination of photo-induced elec-
tron-hole pairs in this region, while the broad PL peak located
in the visible domain indicates an efficient separation of elec-
trons and holes. Therefore, long-lived carriers are gotten in this
region. The Gaussian adjustment of PL emission peaks of ZnO/
NiO suggests the presence of several individual emissions. The
emission peaks in the UV region at 326, 338, 352, and 382 nm
are assigned to the emission from the wide band gap metal
oxide (NBE). In addition, in the visible region, we observe
aviolet emission at 410 nm, blue emission at 453 nm, and green
emission at 500 nm.

Fig. 8b illustrates the schematic band diagram for the PL
electronic transitions present in ZnO/NiO nanocomposite.
Since the E, values (2.99 and 3.23 eV) are lower than the exci-
tation (266 nm, 4.66 eV), an electron exhibited an electronic
transition from the valence band (VB) to a high energy level,
leaving a hole in this band. Then, this electron reached the
conduction band (CB) by internal conversion (IC).*® The violet
emission at 410 nm (3.02 eV) is due to the transition of the
electrons trapped at the metal interstitials (M;) level to the VB.
Besides, in a recent study, T. Tangcharoen et al.®® showed that
the blue luminescence peak appearing at 453 nm (~2.73 eV)
identifies oxygen antisites (Oy) as acceptor defects in the ZnO/
NiO nanocomposite. As they showed that emission at around
500 nm (~2.48 eV) occurred as a result of recombination

ZnO/Mn,0,
ZnO/Fe;0,
ZnO/CuO
ZnO/NiIO

PL intensity (a.u.)

PL intensity (a.u.)

T T T T
300 350 400 450 500

A (nm)

Fig. 7 PL emission spectrum of ZnO/Mnz0,4, ZnO/Fez04, ZnO/CuO,
ZnO/NiO at room temperature.
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Fig. 8 (a) PL emission spectrum for 266 nm excitation wavelength,

and (b) schematic band diagram representation of the measured PL
emissions in ZnO/NiO composite.

between the photogenerated hole, trapped in the deep oxygen
vacancy and the photogenerated electron trapped in a shallow
level, located below the CB.®*® The presence of oxygen vacan-
cies reduces the effective electron mass, hence the increase in
electron mobility.**”® Therefore, the separation of photo-
induced electrons and holes will be enhanced in the nano-
composite, which can lead to enhanced photocatalytic activity.
Similarly, Zhu et al. reported that the excellent photocatalytic
properties are affected by the contribution of oxygen vacancies
in ZnO.”" In fact, the electrons confined by the Vo, oxygen
vacancies can react with the O, molecules and then produce the
radicals responsible for perpetuating the degradation process.”

3.2 Photocatalytic activity study

For this work, the main task is the preparation of binary
composites based on metal oxides with unique properties and
photoactive under sunlight.

3.2.1 Effect of irradiation time. From the results obtained
by UV-vis DRS spectroscopy, it is evident that the prepared
composites (heterostructures) were active in the visible region.
In order to evaluate the photocatalytic performance of ZnO/
Mn;0,, ZnO/Fe;0,, ZnO/CuO and ZnO/NiO various tests are
performed and the MB is taken as the standard pollutant for the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic degradation under sunlight. The change in the
intensity of the absorption peak recorded at A, = 663 nm was
monitored to deduce the final performance.

The photodegradation rate n (%) of MB dye is calculated by
the following relation:

Ay — A

0

n (%) = x 100 9)

In which 4, is the absorbance of MB at ¢, when the adsorp-
tion—-desorption equilibrium was completed, whereas 4 is the
absorbance of MB at time ¢ during the photocatalytic treatment.

The results obtained for the catalytic photodegradation of
the MB dye tested by the four catalysts show a continuous
increase in the percentage removal of the dye with increasing
illumination time.

From the photocatalytic dye removal curves of MB dye
(Fig. 9), the values of the photodegradation rate value using the
photocatalysts ZnO/Mn;0,, ZnO/Fe;0,4, ZnO/CuO and ZnO/NiO
after 180 min under sunlight is 67, 76, 46 and 64%, respectively.

As a result, the ZnO/Fe;0, nano-powder exhibits the best
photocatalytic performance, which reached a maximum
degradation after 180 min. This high photocatalytic perfor-
mance of ZnO/Fe;0,4 nano-powder is attributed to the collective
effect of several factors. The XRD results clearly show that the
ZnO/Fe;0,4 nano-catalyst is well crystalline. Indeed, amorphous
or semi-crystalline materials have a very low degradation rate
compared to crystalline materials.””* Moreover, the shape and
particle size of the synthesized material play a key role to obtain
a product with high photocatalytic performance because the
shape affects the surface properties of the materials.”>”” For
ZnO/Fe;04, SEM confirms the presence of spherical nano-
particles with a homogeneous distribution. In fact, several
reports showed that spherical shaped particles have a higher
degradation rate compared to other shapes of materials. So
during solar irradiation, some of the nanoparticles could easily
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Fig.9 The MB degradation rates as a function of sun-light illumination
time.
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participate in the photocatalytic reaction, resulting a high
performance. Fe;O, has a band gap equal to 2.12 eV and its
combination with ZnO limited their band gap to 2.97 eV. This
allows it to absorb visible light wavelengths, which improves the
photodegradation process under sunlight. We concluded that
the synthesized ZnO/Fe;0, nano-catalyst has a well crystalline
structure, a homogeneous spherical shape and that the optical
properties favor its use in the visible region and thus under
solar irradiation. These different parameters have essentially
contributed to reach a better degradation rate. On the other
hand, the low photocatalytic activity of the ZnO/CuO composite
can be attributed to the high band gap value of ZnO in this
composite (3.02 eV) which cannot be activated well by visible
light irradiation. In addition, their morphology has large quasi-
spherical grains (>100 nm), which may also decrease the pho-
tocatalytic activity.

3.2.2 Kinetic. It is evident from Fig. 9 that the degradation
of the tested MB organic dye increases with increasing irradia-
tion time. In order to obtain a better comparison of the pho-
tocatalytic efficiencies of the prepared catalysts, a kinetic model
analysis was performed.

The Langmuir-Hinshelwood (L-H) kinetic model can be
applied according to the following formula:

lni

G=

(10)

in which k indicates the photodegradation rate constant.

The fits of the catalytic photodegradation of MB dye using
the different composites with the first-order model were evalu-
ated by linear regression of In(4,/A) versus time ¢, as shown in
Fig. 10. The slopes of the straight lines represent the catalytic
photoreaction rate constants k,. The obtained values of photo-
degradation rate constants and correlation coefficients (R,) for
all catalysts are listed in Table 4. The first-order kinetic model
fits indicated that the ZnO/Fe;0, catalyst has a high value of the
kinetic rate constant (k = 0.0078 min~') with a good fit (R, =

B ZnO/Mn,0,
1,4 4 [ ]
® ZnO/Fe,0,
ZnO/CuO
1,24 P ZnONiO
------ fitting data
1,0
<08
g
=
0,6
0,4 -
0,2
0,0 = T T T T T T
0 30 60 92 120 150 180
time (min)

Fig. 10 The Langmuir—-Hinshelwood model for the degradation
kinetic of MB by ZnO/MO catalysts under sun-light irradiation.
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Table 4 The kinetic parameters of the studied models for MB pho-
todegradation using different catalysts

Catalysts K (min™) R?

ZnO/Mn,;0, 0.0063 0.99
ZnO/Fe;0, 0.0078 0.98
ZnO/CuO 0.0033 0.97
ZnO/NiO 0.0057 0.99

0.98) compared to the other catalysts. This clearly shows that
this catalyst has much better photocatalytic properties.

3.2.3 Comparison with previously reported works. A
comparison of the photocatalytic activity of ZnO/MO (MO =
Mn;0,; Fe;0,4; CuO; NiO) for MB degradation with previously
reported metal oxide photoactive materials is presented in
Table 5. It is evident that our binary ZnO/MO photocatalysts
studied in this work showed significantly significant photo-
catalytic performance compared to other catalytic systems.”®*®

3.2.4 Proposed mechanism for the photocatalytic degra-
dation. The mechanism of photocatalysis is based on the
generation of electrons (e”) and holes (h') under light excita-
tion. For pure ZnO, electrons can be transferred to the
conduction band which leads to the creation of holes in the
valence band when ZnO is illuminated by UV light.*” The photo-
generated e~ and h' recombine to reach a lower energy level.
Furthermore, the production and recombination of majority
charge carriers are two processes that influence photocatalytic
performance. Recombination of e /h" reduces carrier mobility
and blocks the participation of the majority of charge carriers in
reactions. Prior to recombination, electrons and holes are able
to react with toxic molecules and break them down into non-
toxic compounds as they migrate to the semiconductor (cata-
lyst) surface.

The coupling of ZnO (n-type) with another metal oxide (p-
type) results in the transport of electron-hole pairs between
the two semiconductors, depending on the relative positions of
the energy bands of ZnO and MO. In addition, the creation of
the n-p junction interface {ZnO (n-type)/MO (p-type)} exerts

View Article Online
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a significant influence on the generation of carriers and the
recombination process of electron-hole pairs.***

A schematic diagram of the photodegradation mechanism of
ZnO/MO composites is shown in Fig. 11, describing the
different electron transfers between ZnO and MO. When MO is
associated with ZnO, a n—-p heterojunction is created. Electrons
can move from the n-type semiconductor (ZnO) to the p-type
semiconductor (MO) by diffusion, while holes migrate in the
opposite direction until equilibrium is reached in the
composite. Simultaneously, the n—p semiconductor interface is
the site of internal electric field generation. Under the effect of
sunlight, the electrons in the valence bands (VB) of MO and ZnO
are excited to those in the respective conduction bands (CB). In
thermodynamic terms, there is a transfer of photogenerated
electrons from the CB of MO to the CB of ZnO, while photo-
generated holes are transferred in the opposite direction. As
a result, more photogenerated electrons accumulate on the CB
of ZnO. In the presence of oxygen, the electron is trapped,
forming superoxide radicals that then react with water
pollutants.

The photocatalytic mechanism occurs in three steps:****

> Oxidation

The reaction produced between h* and H,O molecule or
hydroxyl groups (OH ) on the surface of the photocatalyst
generated the hydroxyl radicals (OH") and (H"), according to the
following reactions:

ZnO/MO + hv — ZnO (e~ + h*)MO (e~ + h*)
n-type ZnO/p-type MO + hv — (e )zno + (WMo
(h+)MO + OH — OH-’

(h+)M0 + HQO — OH" + HJr

> Reduction

The dioxide (O,) adsorbed on the surface of the photocatalyst
is reduced by electrons (e”) to produce superoxide species
(O,'7). The (0O,' ") undergoes successive reactions (I)-(IV) to give
hydroxyl radicals (OH"), as shown by the following equations:

Table 5 Comparison of the degradation rates obtained in this work with other previous works

Catalyst Pollutant Light source Degradation (%) Time (min) Reference
NiO MB Sunlight 17.7 60 78
ZnO MB Sunlight 68.6 135 79
ZnO NWs MB Sunlight 100 4320 80
Zn0O/CuO (50:50) MO Visible light 27.7 120 81
Fe;04Zn0O RhB Visible light 16 105 82
ZnO/Eu,05/NiO (1:1:1) MB UV light 80 150 83
Mn;0, MB HG lamp 21 240 84
ZnO/Sn0O, NOx Solar lamp 20 60 85
ZnO/V,0, MB Xe arc lamp 90 400 86
Zn0O/Mn;0, MB Sunlight 67 180 This work
ZnO/Fe;0, MB Sunlight 76 180 This work
ZnO/CuO MB Sunlight 46 180 This work
ZnO/NiO MB Sunlight 72.3 180 This work
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Fig. 11 The possible photocatalytic mechanism for ZnO/MO photocatalyst.

(€7)zno + 02 = O (D

0,” +H" — HO, (10)

2HO," — H,0, + O, (1)

H,O0, + 0, — OH" + O, + OH™ (Iv)

> Pollutant degradation
The hydroxyl radicals (OH") are known to be very reactive
oxidative species; it can degrade pollutants to CO, and H,O:

OH" + MB — CO; (carbon dioxide) + H,O (water)

4. Conclusion

In summary, the ZnO (n)/MO (p) {Mn;0,; Fe;0,; CuO; NiO}
heterojunction photocatalysts were successfully synthesized by
an inexpensive and eco-friendly hydrothermal method. The
structural and morphological results proved that the coupling
of ZnO with MO did not provoke the ions substitution in the
ZnO lattices and that the hexagonal wurtzite structure is not
affected. Optical measurements revealed the presence of two
gaps in the ZnO/MO composites with low values. This shows
that the coupling reduces the electron-hole recombination rate,
which promotes the absorption in the visible region and leads
to photocatalytic performance of ZnO/MO under sunlight. The
photocatalytic results indicate that the binary nanocomposite
catalyst ZnO/Fe;O, has a great potential for MB removal
compared to other catalysts due to its nano-size and their acti-
vation in visible light. Therefore, due to its high photocatalytic
performance, ZnO/Fe;O, can be exploited as an effective

© 2023 The Author(s). Published by the Royal Society of Chemistry

material for water decontamination. We hope that our study
will contribute to the development of ternary and quaternary
metal oxide nanocomposites with outstanding performance
and low cost to open up new opportunities for ZnO-based
nanomaterials in the next generation for environmental
applications.
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